A moving-slab-geometry Nd:glass laser has been designed and demonstrated.
The slab-geometry solid-state laser was first proposed by Martin and Chernoch in 1972.1 In the high-average-power operation, the zigzag slab configuration overcomes two problems of rod lasers, namely, the elimination of stress-induced birefringence by geometry and the elimination of thermal-and stress-induced focusing by a zigzag optical path. 2 -4 We report the operation of a moving-slab-geometry laser. 5 In the moving-slab laser, the average thermal power is dissipated over the area of the slab, while the gain is concentrated in a small region. The result is a gain enhancement and ease of extracting the laser energy while maintaining average power scaling as the area of the slab. Under proper conditions, cw operation is projected for the Nd:glass moving-slab-laser source. 6 The average laser output power Pave of a slab laser moving rapidly enough to average the thermal load over the area of the slab is given by 3 Pave = 12flexfRsA/tgX, (1) where A is the pumped area of the slab, tg is the glass thickness, X is the ratio of the pump energy that is dissipated as heat in the laser medium to the energy that is stored in the upper laser level, and f is the ratio of the maximum stress to the fracture stress of the Nd:glass slab. The maximum possible average power output is then obtained by operating the laser at maximum storage efficiency flex and at a maximum repetition rate not exceeding the thermal stress-fracture limit of the laser medium. Here R, is a material thermal shock parameter, which is given by 3
that is dissipated as heat, Pt, is 1 to 2.2 times the energy stored in the upper laser level 4 , 7 ' 8 and is less than 8% of the total lamp power input. For 10-kW lamp power pumping a 0.44-cm-thick LHG-5 glass slab, the minimum area required for heat removal is 164 cm 2 , assuming that 8% of the lamp input power is dissipated as heat in the Nd:glass medium. If 15-cmlong lamps were used, the glass would remain under the stress-fracture limit if the heat were dissipated over a width of 10.9 cm. In our experiment we used a Brewster-angle-cut, zigzag-path rectilinear slab of 3.3% doped LHG-5 glass of dimensions 16.7 cm X 15 cm X 0.44 cm. The current slab has been tested with cw lamp pumping to 7.3 kW of average power without fracture.
A schematic of the moving-slab laser is shown in Fig.   1 . The glass was held in a frame and moved between two water-cooled metal plates. The gap between the glass and the metal plates was filled with static helium gas at atmospheric pressure, which acted as the heatconducting medium. 9 This cooling method simplified the design of the laser at some reduction in overall efficiency owing to Fresnel reflections. Two 15-cmlong 4-mm-diameter krypton lamps pumped the LAMP MODULE (2) where a is the thermal expansion coefficient, E is Young's modulus, v is the Poisson ratio, kg is the thermal conductivity, and ofmax is the stress-fracture limit of the glass medium. R 8 for LHG-5 Nd:glass is 17.9
W/m, compared with a value of 790 for Nd:YAG. The residence time of any part of the slab under the lamps must be less than the thermal time constant. The thermal time constant r is given by T = CP tg 2 /12kg (3) where Cp is the specific heat. For a 0.44-cm-thick LHG-5 Nd:glass slab, r is 7.3 sec. The lamp power Nd:glass slab from both sides. The detachable lamp modules were water cooled and were separated from the glass slab by 2-mm-thick Pyrex windows. Both silver and gold elliptical lamp reflectors were tested. The length of the slab under the lamp was 13.8 cm, and the ends were shaded to minimize the end effects. The glass was housed in a carriage, which moved on cross roller ways by means of a computer-controlled linear motor. The glass speed could be varied between 0 and 50 cm/sec at a programmed velocity profile. For most of the measurements, the Nd:glass slab was moved at a speed of 0.5 cm/sec over a distance of 5 cm and at an acceleration of 147 cm/sec 2 at the turning points. The residence time of the slab under the lamps was 80 msec at the slab center and 80.2 msec at the slab ends. Figure 2 shows the measured laser output energy versus input energy for both the gold and the silver reflectors. The laser resonator consisted of a 3-mradius high-reflector mirror and a 40% reflectance flat output coupler. When the silver reflectors were used 4.89 J of output energy was obtained at 309 J of lamp energy at 347 /isec FWHM. The slope efficiency was 2.06%, and the wall plug efficiency was 1.58%. The slope efficiency was 1.97% for the gold reflectors.
From the threshold versus output mirror reflectance data, the round-trip loss in the Nd:glass slab was calculated to be 18.5%. The round-trip exponential gain coefficient was calculated to be 2y = 0.0138Ji, for the silver reflectors and 2-y = 0.0126Ji-for the gold reflectors, where Jin is the electrical input energy into the lamps in joules.
From the slope efficiency and the threshold data, an average storage efficiency of 2.63% was calculated for the silver reflectors and 2.52% for the gold reflectors with a 40% output coupler. In our experiment, the The laser oscillated in multitransverse modes, with the laser beam at the output mirror being 4 mm X 7 mm in size at the highest power level. Gas-conductive cooling substantially simplifies the design and the operation of the moving-slab laser and also provides long lifetime for the glass slab. The lamp geometry was a double elliptical cavity with two lamps focusing on the slab. Improved lamp coupling could be achieved with fluid in place of helium gas but at a cost in design complexity for fluid containment. Figure 3 shows the laser output power as a function of the electrical power into the lamps. We obtained 43.8 W of average laser power at 2.76 kW of input power to the lamps at an overall efficiency of 1.58%. The glass was moved 10 cm in each direction. The heat dissipation was estimated to be 221 W, which was 32.8% of the allowable heat load calculated by using Eq. (1). At a 30-Hz repetition rate at 92 J/pulse into the lamps, the laser output was 13.5 W.
Moving the gain medium is unusual for solid-state lasers, and we were aware of a number of concerns about beam steering, operational problems at the turn around points, and spatial-mode quality. To study these effects, a series of measurements was carried out in the TEMoo mode operation using an aperture for spatial mode control. In the TEM 00 operation with gold reflectors, 213 mJ of energy was obtained at 258.4-J input energy with an output mirror reflectance of 60%. The calculated divergence for this geometry was 0.98 mrad. A series of 40 TEMoo output pulses was superimposed upon a stationary black photographic paper. The measurement clearly showed the absence of beam steering due to the slab motion. The superimposed spot size at 2.26 m from the output mirror was 3.5 mm in diameter, compared with the individual spots, which were 3 mm in diameter. This amounts to less than 0.24 mrad of steering for the TEMoo mode. In 62 sec of operation, which included 3.1 round trips and 125 laser pulses, the variation in the output was less than 5.2%. This is comparable with power fluctuations in fixed slab and rod geometry solid-state lasers. Laser operation was not affected at the turn-around points. In the multimode laser operation, the maximum divergence of the output beam as estimated from the burn pattern on a photographic paper was 2.16 mrad. We calculated the beam brightness 7 to be 14.1 GW/cm 2 sr in the TEMoo mode and 2.25 GW/cm 2 sr in the multimode case.
The laser threshold was measured as a function of the cooling-plate temperature. The threshold energy was reduced from 37 to 35.2 J by reducing the temperature of the metal cooling plates from 36.5 to 8.50C. The gain reduction due to the ground-state absorption, Yr is given by
where a is the cross section, L is the length of the glass slab, N is the number density of the Nd ions in glass, E 2 is the energy of the lower state in Nd:glass, and T is the average temperature of the glass. The threshold energy has been found to be linear with the inverse of the gain reduction, (y -yr)/y, where -y is the singlepass unsaturated gain. From the cooling-plate temperature, (y -yr)/y was calculated to be 0.96 at 8.50C and 0.89 at 36.56C. The gain reduction due to the lower-state absorption is not a significant problem if the glass average temperature is kept below 40°C.
The laser was Q switched by using a standard KD*P Pockels cell. For a 112-cm-long cavitywith a 3-m high reflector and a flat 55% output coupler, 458 mJ of output energy in 50-nsec pulses was obtained in multimode operation at 258-J/pulse input energy at a 2-Hz repetition rate. Second-harmonic generation was carried out using a KD*P crystal, which was placed 25 cm from the output mirror without any focusing. 65 mJ of the second harmonic was obtained at 16 MW of peak power in the fundamental at a conversion efficiency of 14.2%. It is to be noted that the secondharmonic generation was used to determine the moving-slab laser beam quality, and it was not optimized for maximum conversion.
The most promising aspect of the moving-slab laser is its capability for very-high-average-power operation in a polarized output beam of very high brightness. Assuming 14 cm of glass travel, which is possible in the current design, the laser can operate at up to 10 kW of input lamp power at 84% of maximum heat load. At 276 J of lamp energy per pulse at 36 Hz, the projected power output from the current laser is 157 W.
A 1-kW average power Nd:glass moving-slab laser can be designed based on the experimental results presented in this Letter. The laser would consist of two LHG-5 Nd:glass slabs of dimensions 35 cm X 30 cm X 0.55 cm pumped by four 30-cm lamps of 6-mm diameter following the design in this Letter repeated over two sections. It is possible to increase the storage efficiency by at least 25% by bringing the lamps closer to the slab and optimizing the design. The single-pass fractional loss is estimated to be 32%. At 60% output mirror reflectance, the threshold energy is calculated to be 96 J. At a slope efficiency of 1.76% and at 1100 J/ pulse into four lamps, the laser energy output has been calculated by using Rigrod analysis' 0 to be 17.7 J/ pulse. At 60 Hz of operation, the average laser output power is projected to be 1.06 kW. The thermal loading into the glass slabs would be 5.28 kW. The allowable thermal loading for 28 cm of glass slab travel is 6.02 kW, assuming that 8% of the pump energy is dissipated as heat in the moving slab.
In a moving-slab laser, the power-handling capacity of the glass laser is increased substantially, and hence cw operation is possible. 6 The moving-slab laser is also capable of producing short Q-switched and modelocked pulses to produce high peak power. The high peak power has application in generating soft x rays from a laser plasma when the output is focused upon a suitable target. 11 ' 12 The moving-slab laser, which is capable of generating high-peak-power pulses at high repetition rates, is an ideal source for x-ray lithography and microscopy and for pumping short-wavelength lasers.
In conclusion, a moving-slab-geometry Nd:glass laser has been demonstrated that utilizes a simple design. The Nd:glass slab was moved between the flash lamps and two metal cooling plates by a linear motor. The glass was static gas conduction cooled by helium gas. At the limit of the available power supply, 43.8 W of laser output power was obtained at 1.58% overall efficiency. Beam steering due to the slab motion was negligible, and laser oscillation was not interrupted at the turning points. The current design has the capability of producing 157-W laser output at 10 kW of lamp power.
